Introduction
============

Cholangiocarcinoma (CCA) is a malignant tumor of the bile duct epithelium,[@b1-ott-11-7133] including intrahepatic, perihilar, and distal CCA based on anatomical location.[@b2-ott-11-7133] In addition, mixed hepatocellular--cholangiocellular carcinomas have recently been reported to be a distinct subtype of CCA based on the World Health Organization classification.[@b3-ott-11-7133]--[@b5-ott-11-7133] Recently, primary sclerosing cholangitis, cirrhosis, viral hepatitis C[@b6-ott-11-7133]--[@b9-ott-11-7133] and B,[@b10-ott-11-7133]--[@b12-ott-11-7133] liver fluke infections, inflammatory bowel disease, and liver disease have been shown to be associated with the development of CCA.[@b13-ott-11-7133],[@b14-ott-11-7133] Similarly, metabolic syndrome is recognized as a risk factor for CCA.[@b15-ott-11-7133] However, the precise underlying mechanisms are not yet fully understood.

Over the past few decades, a multitude of studies have shown that ether lipids are disturbed in tumor cells, and lipid metabolism abnormality is a major marker of cancer.[@b16-ott-11-7133]--[@b19-ott-11-7133] Peroxisomes, a crucial organelle with low abundance, are necessary for all sorts of human cell metabolic functions.[@b20-ott-11-7133] Hydroxysteroid dehydrogenase-like 2 (HSDL2), composed of N-terminal catalytic and C-terminal SCP-2 domains, belongs to the SDR subfamily of oxidoreductases.[@b21-ott-11-7133] It has been argued that the peroxisomal localization of HSDL2 indicates that it is associated with fatty acid metabolism,[@b22-ott-11-7133] indicating that HSDL2 may be involved in lipid metabolism.

In the present study, we found that HSDL2 was down-regulated in CCA tissues based on mRNA expression profiles from both The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. Thereafter, we over-expressed HSDL2 in RBE cells using a stable lentivirus (LV)- mediated transduction strategy. The results showed that, following overexpression of HSDL2, cell proliferation was significantly inhibited and cell apoptosis was significantly promoted in RBE cells, indicating that CCA cell survival was dependent on HSDL2 expression. These results have significant implications for understanding the underlying HSDL2-related molecular mechanisms in the process of CCA.

Materials and methods
=====================

TCGA and GEO data on HSDL2 expression
-------------------------------------

Publicly available RNA sequencing (RNA-seq) data were downloaded directly from TCGA (<https://cancergenome.nih.gov/>). This dataset involved 36 CCA tissues and 9 adjacent tissues. The mRNA expression levels of HSDL2 (ENSG00000119471) were presented as fragments per kilo-base of exon per million. Two sets of normalized data were downloaded from GEO (<https://www.ncbi.nlm.nih.gov/geo/>): GSE76297 (Affymetrix-017586 Human Transcriptome Array 2.0 \[Affymetrix, Santa Clara, CA, USA\], 91 CCA tissues vs 92 adjacent tissues) and GSE26566 (Illumina-006104 humanRef-8 v2.0 expression beadchip \[Illumina, San Diego, CA, USA\], 104 CCA tissues vs 59 adjacent tissues).[@b23-ott-11-7133]

To detect HSDL2 expression level in CCA tissues and adjacent (normal control) tissues, the ILMN_1787843 probe (for GSE26566) and the TC09000566.hg.1 and TC09002184. hg.1 probe sets (for GSE76297) were used with BioMart Ensembl[@b24-ott-11-7133],[@b25-ott-11-7133] and the limma package based on the R language (The R Foundation, Vienna, Austria).[@b26-ott-11-7133] A receiver operating characteristic (ROC) curve analysis was carried out to distinguish between cancer and adjacent tissues (using the above three datasets) with GraphPad Prism v6 (GraphPad Software Inc, San Diego, CA, USA).

Cell culture
------------

RBE cells (a human CCA cell line) were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, People's Republic of China) and cultured with Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum and 100 U/mL penicillin/streptomycin at 37°C in humidified 5% CO~2~. The above three reagents were purchased from Gibco (New York, NY, USA).

LV construction and cell transfection
-------------------------------------

The LV for overexpressing HSDL2 (LV-HSDL2) and the control LV (LV-Control) were designed and synthesized by GeneChem (Shanghai, People's Republic of China). RBE cells were infected with LV-HSDL2 or LV-Control (multiplicity of infection =20), respectively. GFP expression was observed to assess infection efficiency based on fluorescence microscopy. In addition, cells were harvested to detect the efficiency of HSDL2 overexpression by quantitative real-time reverse transcription PCR (qRT-PCR) and Western blotting.

qRT-PCR analysis
----------------

Total RNA was extracted using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. The quantity and quality of total RNA were measured using a NanoDrop 2000 spectrophotometer (Thermo, Wilmington, DE, USA), and RNA integrity was determined by agarose gel electrophoresis. cDNA was generated by SuperScriptTM III Reverse Transcriptase (Invitrogen). The relative expression of HSDL2 was determined using FastStart Universal SYBR Green Master (Rox) (Roche Inc, Basel, Switzerland) with specific primers (General Biosystems, Chuzhou, People's Republic of China), which are listed in [Table 1](#t1-ott-11-7133){ref-type="table"}. PCRs were performed in triplicate using the following temperature profile: denaturation at 95°C for 10 minutes followed by amplification by 40 cycles of 95°C for 10 seconds and 60°C for 1 minute. GAPDH was used as an internal reference. The data were analyzed using the 2^−ΔΔCt^ method, and the expression level of HSDL2 was represented as the fold change.

Cell proliferation profiles examined using a Celigo Image Cytometer
-------------------------------------------------------------------

After digestion with 0.25% Trypsin (Thermo Fisher Scientific) of RBE cells in the logarithmic growth phase in the LV-HSDL2 and LV-Control groups, the cells were resuspended in cell culture medium Dulbecco's Modified Eagle's Medium and seeded in 96-well plates in triplicate, with a cell density of 1,000 cells/well, at 37°C in humidified 5% CO~2~. From the second day after seeding, Celigo Image Cytometer (Nexcelom Bioscience, Lawrence, MA, USA) was used to record at 488 nm laser once a day for 5 consecutive days and generate cell growth curves.

MTT assay
---------

Cell proliferation was assessed by MTT assay for 5 consecutive days. The method of resuspending the RBE cells was the same as for Celigo. In brief, from the second day after seeding, 20 µL of MTT solution (final concentration, 5 mg/mL) was added to each well without changing the liquid at 4 hours before the end of the culture, and 100 µL of DMSO was then added after completely removing the culture media (but not removing the formazan particles at the bottom of each plate). The plates were shaken constantly for 2--5 minutes, and the optical density at 490 nm (OD~490~) was assessed using a microplate reader.

Immunoblotting
--------------

The cells were scraped off and lysed in RIPA lysis buffer (P0013B; Beyotime, Shanghai, People's Republic of China), and a BCA protein assay kit (P0010S; Beyotime) was used to measure the protein concentration. In brief, 20 µg of total protein was separated by 10% SDS-PAGE and transferred to PVDF membranes (BioSciences, Pollards Wood, UK) at 300 mA for 40 minutes in an ice water mixture. The membranes were incubated overnight at 4°C with the following primary antibodies: rabbit anti-HSDL2 at a dilution of 1:500 (HPA050453; Sigma-Aldrich Co., St Louis, MO, USA), mouse anti-PCNA at 1:1,000 (ab18197; Abcam, Cambridge, UK), rabbit anti-BCL-2 at 1:1,000 (ab32124; Abcam), rabbit anti-BAX at 1:1,000 (ab32503; Abcam), and mouse anti-GAPDH at 1:2,000 (sc-32233; Santa Cruz Biotechnology Inc., Dallas, TX, USA). Subsequently, the membranes were blocked for 1 hour at room temperature with 5% milk dissolved in TBST. The secondary HRP-conjugated antibodies were as follows: goat anti-mouse IgG H&L at 1:2,000 (sc-2005; Santa Cruz Biotechnology Inc.) or goat anti-rabbit IgG H&L at 1:5,000 (ab6721; Abcam). After washing three times with TBST, an ECL kit (Thermo Fisher Scientific) was used to detect the immunoactivity.

Apoptosis assay
---------------

An annexin V--allophycocyanin (APC) apoptosis detection kit (Ebioscience, San Diego, CA, USA) was used to detect cell apoptosis, following the manufacturer's protocol. Cells in the LV-Control or LV-HSDL2 groups were resuspended at a density of 1×10^6^ cells/mL. The cell mixture, containing 10 µL of annexin V--APC, was left for 15 minutes at room temperature and a flow cytometry analysis (Guava easyCyte HT, Millipore, Billerica, MA, USA) was then performed.

Caspase 3/7 activity assay
--------------------------

Cells were resuspended and seeded in 96-well plates in triplicate at a cell density of 1,000 cells/well and at 37°C in a 5% CO~2~ incubator for another day. Caspase 3/7 activity was then tested using a Caspase Glo^®^ 3/7 Assay (Promega Corporation, Fitchburg, WI, USA) based on the manufacturer's protocol.

Statistical analysis
--------------------

The results are presented as mean ± SD. *P*\<0.05 was set as the critical value for statistical significance. Data analysis was performed using SPSS 22.0 software (IBM Corporation, Armonk, NY, USA).

Results
=======

Low expression of HSDL2 in CCA based on database analysis
---------------------------------------------------------

TCGA RNA-Seq-based transcriptome data on the *HSDL2* gene were obtained and analyzed using the limma package based on the R language. The differentially expressed protein-coding RNAs (mRNAs) in CCA were obtained. The *HSDL2* gene, which has not previously appeared in the published literature, was selected as the subject of this study. TCGA data on HSDL2 that could be used for expression analysis were extracted. The results of data analysis indicated that HSDL2 was significantly downregulated in CCA tissues compared to adjacent tissues (fragments of kilobase of exon per million: 11.21±1.177 vs 33.91±1.933, fold change =3.02, *P*\<0.0001) ([Figure 1A](#f1-ott-11-7133){ref-type="fig"}). The ROC curve analysis indicated an area under the curve of 0.9691 (*P*\<0.0001; 95% CI: 0.9147--1.024) for HSDL2 ([Figure 1B](#f1-ott-11-7133){ref-type="fig"}).

From the online GEO database, two microarray data-sets (GSE76297 and GSE26566) on HSDL2 expression in CCA and adjacent tissues were obtained. In the GSE26566 dataset, the HSDL2 expression level (assessed using the ILMN_1787843 probe) was significantly lower in CCA tissues than in adjacent tissues (signal: 398.1±30.18 vs 1,329±61.37; fold change =3.34, *P*\<0.001) ([Figure 1C](#f1-ott-11-7133){ref-type="fig"}). The ROC curve analysis indicated an area under the curve of 0.9404 (*P*\<0.0001; 95% CI: 0.9042--0.9767) for HSDL2 (assessed using the ILMN_1787843 probe) ([Figure 1D](#f1-ott-11-7133){ref-type="fig"}). The GSE76297 data on the HSDL2 expression level (assessed using the TC09000566.hg.1 and TC09002184.hg.1 probe-sets), and the ROC curve analysis of the GSE76297 data concurred with the TCGA and GSE26556 results ([Figure 1E--H](#f1-ott-11-7133){ref-type="fig"}). The results demonstrated that HSDL2 was significantly downregulated in CCA tissues compared with adjacent tissues, indicating that HSDL2 might be involved in the process of CCA in humans.

Overexpression efficiency of LV-HSDL2
-------------------------------------

RBE cells were transfected with LV-Control or LV-HSDL2, and the GFP fluorescence showed that the virus was highly effective at infecting the cells. HSDL2 was mainly expressed in the nucleus, and to a certain extent in the cytoplasm ([Figure 2](#f2-ott-11-7133){ref-type="fig"}). The qRT-PCR results indicated that there was an overexpression efficiency of approximately 5.192 in RBE cells transfected with LV-HSDL2 (rather than LV-Control) ([Figure 3A](#f3-ott-11-7133){ref-type="fig"}). Similarly, overexpression efficiency was further determined in RBE cells transfected with LV-HSDL2 or LV-Control via Western blotting. The Western blotting results suggested that LV-HSDL2 efficiently increased HSDL2 expression in RBE cells at the protein level ([Figure 3B](#f3-ott-11-7133){ref-type="fig"} and C). Taken together, the LV-HSDL2 strategy efficiently increased HSDL2 expression in RBE cells.

HSDL2 overexpression significantly blocked cell proliferation in RBE cells
--------------------------------------------------------------------------

To verify the effect of HSDL2 on cell proliferation, we used a Celigo Image Cytometer, MTT assay, and PCNA expression analysis. As shown in [Figure 4A](#f4-ott-11-7133){ref-type="fig"}, a Celigo Image Cytometer was used to assess cell proliferation for 5 consecutive days. Significant inhibition of cell proliferation was detected in RBE cells transfected with LV-HSDL2 rather than LV-Control ([Figure 4B and C](#f4-ott-11-7133){ref-type="fig"}). In addition, the number of RBE cells transfected with LV-HSDL2 hardly increased on the fourth and fifth days. Additionally, as can be seen from [Figure 5A and B](#f5-ott-11-7133){ref-type="fig"}, the MTT assay results indicated significant inhibition of proliferation of RBE cells transfected with LV-HSDL2. Moreover, PCNA was suppressed by overexpressed HSDL2 in RBE cells ([Figure 6](#f6-ott-11-7133){ref-type="fig"}). In general, the results implied that HSDL2 was vital for RBE cell proliferation, indicating that HSDL2 might suppress CCA progression based on the deceleration of cell proliferation.

HSDL2 overexpression activated apoptosis in RBEcells
----------------------------------------------------

The inhibition of cell proliferation by HSDL2 overexpres-sion may result from increased cell death. Consequently, apoptosis in RBE cells infected with LV-HSDL2 or LV-Control was assessed by annexin V--APC apoptosis detection, caspase 3/7 activity determination, and the mRNA/protein expression of BAX/BCL-2. There were more apoptotic cells among RBE cells infected with LV-HSDL2 rather than LV-Control ([Figure 7A and B](#f7-ott-11-7133){ref-type="fig"}). Similarly, the activity of caspase-3/7 increased in RBE cells infected with LV-HSDL2 ([Figure 7C](#f7-ott-11-7133){ref-type="fig"}). In RBE cells with overexpression of HSDL2, BAX mRNA and protein expression levels were decreased and BCL-2 mRNA and protein expression levels were increased ([Figure 8](#f8-ott-11-7133){ref-type="fig"}).

Discussion
==========

Peroxisomes are organelles that are surrounded by a single membrane and are found in almost all eukaryotic cells. They are implicated in a multitude of metabolic pathways, including fatty acid alpha- and beta-oxidation, ether-phospholipid biosynthesis, reactive oxygen metabolism, and acetaldehyde detoxification.[@b20-ott-11-7133] HSDL2 is widely expressed in human tissues, with relatively high expression levels in the liver, kidneys, prostate, testicles, and ovaries.[@b21-ott-11-7133] HSDL2 has been reported to localize to peroxisomes in human, mouse, and rat cells.[@b20-ott-11-7133],[@b27-ott-11-7133] HSDL2 is composed of N-terminal catalytic and C-terminal SCP-2 domains, and it is specifically targeted to peroxisomes via a C-terminal PTS1, where it is likely to be involved in peroxisomal oxidation of fatty acids.[@b28-ott-11-7133] Also, peroxisomes are central to lipid metabolism.[@b29-ott-11-7133] In addition, it was reported that cell proliferation could be suppressed by silencing of HSDL2 in gliomas.[@b30-ott-11-7133] However, the relationship between HSDL2 and CCA has never been reported before.

In this paper, we demonstrated that HSDL2 was critical for CCA cell survival. Downregulated HSDL2 in CCA tissues was found in silico. In vitro, we overexpressed HSDL2 in RBE cells (a CCA cell line), and the results showed that HSDL2 overexpression suppressed RBE cell proliferation. This indicated that the survival of CCA cells was closely related to HSDL2 expression. Moreover, apoptosis was induced by HSDL2 overexpression, partially explaining why RBE cell viability was decreased after overexpressing HSDL2. Further studies should focus on the effect of HSDL2 regarding the synthesis of peroxidase and ether lipids to provide more information on the molecular mechanisms of HSDL2-associated CCA.

Conclusion
==========

The results of the data analysis indicated that HSDL2 was downregulated in CCA tissues compared to adjacent tissues, and overexpressed HSDL2 suppressed growth and proliferation while activating apoptosis in CCA cells. This has significant implications for the understanding of the underlying HSDL2-related molecular mechanisms in the process of CCA.
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![Relative expression levels of the HSDL2 gene in CCA tissue and adjacent tissue.\
**Notes:** (**A**) Expression of HSDL2 in CCA tissue and adjacent tissue, based on TCGA data. (**B**) ROC curve analysis of TCGA data on HSDL2 in CCA tissue. (**C**) Expression of HSDL2 in CCA tissue and adjacent tissue, based on GSE26566 data (involving the ILMN_1787843 probe) from the GEO database. (**D**) ROC curve analysis of GSE26566 data on HSDL2 (involving the ILMN_1787843 probe) in CCA tissue. (**E**) Expression of HSDL2 in CCA tissue and adjacent tissue, based on GSE76297 data (involving the TC09000566.hg.1 probeset) from the GEO database. (**F**) ROC curve analysis of GSE76297 data on HSDL2 (involving the TC09000566.hg.1 probeset) in CCA tissue. (**G**) Expression of HSDL2 in CCA tissue and adjacent tissue, based on GSE76297 data (involving the TC09002184.hg.1 probeset) from the GEO database. (**H**) ROC curve analysis of GSE76297 data on HSDL2 (involving the TC09002184.hg.1 probeset) in CCA tissue.\
**Abbreviations:** CCA, cholangiocarcinoma; HSDL2, hydroxysteroid dehydrogenase-like 2; GEO, Gene Expression Omnibus; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas.](ott-11-7133Fig1){#f1-ott-11-7133}

![RBE cells were transfected with LV-Control or LV-HSDL2, and GFP fluorescence shows that the virus was highly effective at infecting the cells.\
**Note:** HSDL2 was mainly expressed in the nucleus, and to a certain extent in the cytoplasm.\
**Abbreviations:** HSDL2, hydroxysteroid dehydrogenase-like 2; LV, lentivirus.](ott-11-7133Fig2){#f2-ott-11-7133}

![Efficient HSDL2 overexpression at the RNA and protein levels in the CCA cell line RBE using LV-mediated overexpression.\
**Notes:** (**A**) HSDL2 expression was analyzed using quantitative real-time (qRT)-PCR, and its expression was clearly increased at the RNA level by LV-mediated overexpression in RBE cells. GAPDH was used as an internal control. The data represent the mean ± SEM of three independent experiments, ^\*\*^*P*\<0.01. (**B**) and (**C**) HSDL2 expression was analyzed using Western blotting, and its expression was clearly increased at the protein level by LV-mediated overexpression in RBE cells. GAPDH was used as an internal control.\
**Abbreviations:** CCA, cholangiocarcinoma; HSDL2, hydroxysteroid dehydrogenase-like 2; LV, lentivirus; SEM, standard error of the mean.](ott-11-7133Fig3){#f3-ott-11-7133}

![Cell proliferation was inhibited by HSDL2 overexpression in the human CCA cell line RBE and analyzed using a Celigo Image Cytometer.\
**Notes:** (**A**) Representative images of RBE cells infected with either LV-Control or LV-HSDL2 at different time points. (**B**) and (**C**) Proliferation of RBE cells was significantly blocked when HSDL2 was overexpressed. In brief, RBE cells were infected with LV-Control or LV-HSDL2 and cultured to reach the logarithmic phase. Thereafter, the cells were resuspended and seeded in 96-well plates for further culture. After 24 hours of cell culture, proliferation of the cells was monitored using a Celigo Image Cytometer for 5 consecutive days. Proliferation data are shown as cell numbers (**B**) and fold-changes of cell numbers (**C**). Results are presented as the mean ± SEM of three independent experiments, ^\*\*^*P*\<0.01.\
**Abbreviations:** CCA, cholangiocarcinoma; HSDL2, hydroxysteroid dehydrogenase-like 2; LV, lentivirus; SEM, standard error of the mean.](ott-11-7133Fig4){#f4-ott-11-7133}

![Cell proliferation was analyzed using an MTT assay for 5 consecutive days, and the absorbance results are shown as (**A**) OD~490~ and (**B**) fold change relative to OD~490~ at day 1 (**B**).\
**Note:** Results are presented as the mean ± SEM of three independent experiments, ^\*\*^*P*\<0.01.\
**Abbreviations:** HSDL2, hydroxysteroid dehydrogenase-like 2; LV, lentivirus; SEM, standard error of the mean.](ott-11-7133Fig5){#f5-ott-11-7133}

![(**A**) mRNA expression levels of PCNA were detected with qRT-PCR, (**B**) and (**C**) protein expression levels of PCNA were detected with immunoblotting.\
**Notes:** GAPDH was used as an internal control. The data represent the mean ± SEM of three independent experiments, ^\*\*^*P*\<0.01.\
**Abbreviations:** HSDL2, hydroxysteroid dehydrogenase-like 2; LV, lentivirus; SEM, standard error of the mean.](ott-11-7133Fig6){#f6-ott-11-7133}

![Apoptosis was promoted by HSDL2 overexpression in the human CCA cell line RBE.\
**Notes:** (**A**) Representative images of the apoptosis analysis of RBE cells infected with either LV-Control or LV-HSDL2. (**B**) Cell apoptosis in RBE cells was promoted by HSDL2 overexpression. In brief, RBE cells were infected with LV-Control or LV-HSDL2 and cultured for 4 days. Thereafter, the cells were resuspended and apoptosis was analyzed using an annexin V assay and fluorescence-activated cell sorting. (**C**) RBE cells infected with either LV-Control or LV-HSDL2 were subjected to caspase 3/7 activity determination. Data shown in (**B**) are the mean ± SEM of the percentage of apoptotic cells from three independent experiments, ^\*\*^*P*\<0.01.\
**Abbreviations:** CCA, cholangiocarcinoma; HSDL2, hydroxysteroid dehydrogenase-like 2; LV, lentivirus; SEM, standard error of the mean.](ott-11-7133Fig7){#f7-ott-11-7133}

![(**A**) mRNA expression level of Bax and Bcl-2 were detected with qPCR. (**B**) and (**C**) protein expression level of Bax and Bcl-2 were detected with immunoblotting.\
**Notes:** GAPDH was used as an internal control, and the data represent the mean ± SEM of three independent experiments, ^\*\*^*P*\<0.01.\
**Abbreviations:** HSDL2, hydroxysteroid dehydrogenase-like 2; LV, lentivirus; qPCR, quantitative PCR; SEM, standard error of the mean.](ott-11-7133Fig8){#f8-ott-11-7133}

###### 

Primer list

  Gene symbol   Primers sequence
  ------------- ----------------------------
                
  *GAPDH*       F: TGACTTCAACAGCGACACCCA
                R: CACCCTGTTGCTGTAGCCAAA
  *HSDL2*       F: AAGCCACTCAAGCAATCTATCTG
                R: GCTCTCCATATCCGACATTCCC
  *PCNA*        F: TTGCACTGAGGTACCTGAACTT
                R: CCTTCTTCATCCTCGATCTTG
  *BCL-2*       F: AAGAGCAGACGGATGGAAAAAGG
                R: GGGCAAAGAAATGCAAGTGAATG
  *BAX*         F: CATGTTTTCTGACGGCAACTT
                R: CCAGATCACGCCATTTCAC

**Abbreviation:** HSDL2, hydroxysteroid dehydrogenase-like 2.
